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Abstract—This paper proposes, for the ﬁrst time, an automated
energy harvester design ﬂow which is based on a single HDL
software platform that can be used to model, simulate, conﬁgure
and optimise energy harvester systems. A demonstrator pro-
totype incorporating an electromagnetic mechanical-vibration-
based micro-generator and a limited number of library models
has been developed and a design case study has been carried
out. Experimental measurements have validated the simulation
results which show that the outcome from the design ﬂow can
improve the energy harvesting efﬁciency by 75%.
I. INTRODUCTION
Over the last decade, a key design constraint of the em-
bedded electronics in mobile applications has been the power
consumption, mainly due to the limitations of battery life.
As a result, system level low-power design techniques have
attracted a large body of research [1]. Pervasive computing,
un-intrusive integration of computation into our daily lives
through sensing systems to enhance our activities, is widely
believed to represent the next major market for next generation
wireless electronics industry. One of the key challenges in
pervasive computing research is energy harvesting, where the
focus is to develop energy harvesters to power electronic
devices, particularly in wearable and embedded sensors [2]
where batteries are cumbersome or impractical. At present
there are considerable and continuing research efforts world-
wide to support the energy harvesting paradigm and self-
powered electronics. An energy harvester has normally three
main components: the micro-generator which converts am-
bient environment energy into electrical energy, the power
processing circuit which regulates the generated voltage, and
the storage element (Fig. 1).
Fig. 1. Diagram of an energy harvester
The majority of the reported research in energy harvesting
has been on improving the efﬁciency of the energy harvesters
through the design and fabrication of novel micro-generators,
materials and devices [3]. The amount of power that can be
harvested in a particular application is highly dependent upon
the energy source being harvested. Typically, power densities
of around 800μW/cm3 for machine vibration applications
a n du pt o1 4 0 μW/cm3 for human powered applications can
be expected [4], however, the power output of vibration-
harvesting inertial generators is highly sensitive to the fre-
quency and amplitude of the vibration source [5] and so
these ﬁgures are indicative only. Practical generators have
been reported with power densities of 17μW/cm3 for a
non-resonant device [6], [7], to a resonant device capable
of generating 30μW/cm3. Finite element analysis packages
are being used to simulate and optimise the performance
of the micro-generator part of the self-powered system [8].
Typically the generated voltage from a micro-generator is
not suitable for powering an electronic device directly. For
example the output voltage from an electromagnetic micro-
generator is AC and too low while the piezoelectric device
normally generates AC voltage that is too high. Therefore
external analogue circuits are often employed to regulate (i.e
boost up or step down, AC/DC conversion etc.) the voltage
and store the energy in a battery or a super-capacitor. The
importance of the energy storage element cannot be ignored.
Super-capacitors, used to store the harvested energy, provide
a signiﬁcant challenge in terms of model development due
to their complex performance loss characteristics caused by
ageing and inappropriate discharging. To design and optimise
the harvester associated electronics, simulators such as SPICE
are often used. The micro-generator is usually modelled either
as an ideal voltage source or an equivalent circuit model
[9]. We have recently demonstrated through simulation and
experimentation that such modelling technique of vibration-
based electromagnetic harvesters is inadequate for accurate
prediction of the energy harvester performance [10]. A PSpice
based electromechanical simulation tool kit for inertial micro-
generators, which incorporates some additional features of the
physical systems such as end stop dynamics and parasitic
damping, has also been reported [11].
An energy harvester is a system consisting of several com-
ponents from different physical domains including mechanical,
magnetic and electrical as well as the external circuits which
regulate and store the generated energy. To design highly
efﬁcient energy harvesters, we believe that it is crucial to
consider the various parts of an energy harvester in the contextof a complete system. As will be shown in this paper, the
gain at one part may come at the price of efﬁciency loss
elsewhere, rending the energy harvester much less efﬁcient
than expected. To date there has been no reported automated
design ﬂow for energy harvesters and the aim of this paper
is to propose such an approach. A mixed-physical-domain
hardware description language (HDL) can be used to model
and correctly predict the performance of an energy harvester
system. This is because the HDL describes the micro-generator
and external electronics as an integrated model, so that the
close mechanical-electrical interaction, which is often missing
in traditional energy harvester design methods, can be captured
accurately. Several HDLs that support multiple domain system
modelling and simulation are available, such as VHDL-AMS,
Verilog-AMS and SystemC-A. In this paper VHDL-AMS [12]
has been chosen as the modelling language to demonstrate the
concept of an automated energy harvester design ﬂow.
II. PROPOSED ENERGY HARVESTER DESIGN FLOW
The input to the energy harvester design ﬂow are the user
speciﬁed micro-generator type (piezoelectric, electromagnetic,
electrostatic) and the frequency/amplitude of excitation. Given
a design objective, such as to achieve the best possible
power density for speciﬁed micro-generator type to work at
resonance, the output from the design ﬂow are the dimension
of micro-generator and suitable power processing circuits.
The proposed design ﬂow is outlined in the pseudo-code of
Algorithm 1. Naturally, the process starts with initial design
speciﬁcation, such as available energy source, environmental
energy density, device size, minimum voltage level/power
output etc. According to these speciﬁcations, HDL models
of energy harvester system components are constructed from
component cells available in the component library. The com-
ponent library contains parameterised models of different kind
of micro-generator structures, various power processing circuit
topologies and storage elements. The outer loop in the Algo-
rithm 1 represents this structure conﬁguration process, which
involves examining and comparing those HDL models from
the library with the aim of identifying a set of components
that meet speciﬁc user requirements. The inner design ﬂow
loop will then ﬁnd the best performance of each candidate
design by adjusting electrical and non-electrical parameters of
the design’s mixed-technology HDL model. The parametric
optimisation of the generated structure will further improve the
energy harvester efﬁciency by employing suitable optimisation
algorithms. Fig. 2 shows an implementation of the design
ﬂow in a VHDL-AMS testbench where the optimisation loop
runs as a series of concurrent processes. The experimental
results shown in Sections IV and V conﬁrm the importance
of both loops where the the design ﬂow optimises mechanical
and electrical parameters for each possible architecture and
selects the one that extracts the most power from a given
excitation. One of the key requirements for energy harvester
component models is that models need to capture both the-
oretical equations and practical non-idealities required for
accurate performance estimation. The models should support
different mechanical-electrical structures and will be expressed
in terms of HDL descriptions. They will be able to predict
the behaviour of the actual device accurately while remaining
reconﬁgurable. As proof of concept, a small VHDL-AMS
model library has been built to demonstrate the efﬁciency
of the design ﬂow, as discussed in Section III. Based on the
developed model library, Section IV describes the automated
structure conﬁguration that has been carried out using a
single VHDL-AMS simulator. The conﬁguration result and
simulations of different energy harvester models have led to in-
depth understanding of how electromagnetic micro-generator
performs when connected to lossy voltage multipliers to boost
the micro-generator output. The results have been used for the
performance optimisation, which is presented in Section V.
Algorithm 1 Automated energy harvester design ﬂow
Initial design structure and speciﬁcation
Structure conﬁguration loop:
for all design structures do
Build HDL model of design
Optimisation loop:
repeat
Simulate and evaluate performance
if best performance not achieved then
Update design parameters
end if
until best performance achieved




Fig. 2. Implementation of the proposed energy harvester design ﬂow in
VHDL-AMS
III. ENERGY HARVESTER MODELS
Vibration-based electromagnetic energy harvesters are prov-
ing to be successful when applied in real-world applications
[13] and therefore are used in this paper as proof-of-conceptfor the proposed design ﬂow. The case study presented in this
paper uses a vibration-based electromagnetic micro generator
[14] as an example. The design is based on a cantilever
structure. The coil is ﬁxed to the base and four magnets, which
are located on both sides of the coil, form the proof mass (Fig.
3).
Fig. 3. Cantilever based electromagnetic micro-generator
This device can be modelled as a second-order spring-
damping system, which has been widely used [3], and whose
dynamics is:
m ¨ z(t)+cp ˙ z(t)+ksz(t)+Fem = −m ¨ y(t) (1)
where m is the proof mass, z(t) is the relative displacement
between the mass and the base, cp is the parasitic damping
factor, ks is the spring stiffness, y(t) is the displacement of
the base and Fem is the electromagnetic force.
The electromagnetic voltage generated in the coil is given
by:
vem =Φ∗ ˙ z(t) (2)
where Φ=NBl is the magnetic ﬂux through the coil and N
is the number of coil turns, B is the magnetic ﬁeld and l is
the effective length.
The output voltage is deﬁned by:
v(t)=vem − Rc ∗ i(t) − Lc ∗ ˙ i(t) (3)
where Rc and Lc are the resistance and inductance of the coil
respectively and i(t) is the current through the coil.
Finally, the electromagnetic force is calculated as:
Fem =Φ∗ i(t) (4)
In the above equations, the coil parameters are given
in number of turns N and resistance Rc.H o w e v e r ,w h e n
manufacturing a coil, the speciﬁcation is often given by the
thickness t, inner radius r, outer radius R and wire diameter
d. To build parameterised HDL models, the relations between
these parameters are incorporated and listed below.
The total wire length is:
l =4∗ f ∗ t ∗ (R2 − r2)/d2 (5)
where f is the ﬁll factor.
The number of turns is:
N = l/(2 ∗ π ∗ Rave) (6)
where Rave =( R − r)/2+r is the average radius.
The coil resistance is given by:
Rc =4∗ ρ ∗ l/(π ∗ d2) (7)
where ρ is the resistivity of the material.
Part of the VHDL-AMS model code is given below. The
omitted part describes the actual magnetic ﬂux through the
coil (Φ) as a piecewise function of the relative displacement
between the coil and magnet, details of which have been











architecture Behaviour of EMH is
quantity yt across HOUSE to translational_ref;
quantity zt:DISPLACEMENT;
quantity emv:VOLTAGE;











The above model correctly captures the practical non-
idealities of the micro-generator by linking its non-linear
mechanical and magnetic characteristics with the electrical
output. Two types of this micro-generator have been manu-
factured and modelled, which are based on the same structure
but have different dimensions. Some of the key parameters
are listed in Table I. As can be seen from the table, micro-
generator Type II is bigger than Type I and because the coil is




Type I Type II
Proof mass(g) 0.6 2.4
Magnet size(mm) 2.0 3.0
Cantilever length(mm) 10.0 13.7
Wire diameter(um) 12/16/25 16/25
Coil radius(mm) 1.2 2.45
Coil thickness(mm) 0.48 1.3Standard voltage multipliers (VMs), which are used to
rectify and boost up AC voltage, can act as the power
processing circuit to an electromagnetic micro-generator in
energy harvester systems. Fig. 4 shows two types of VM
conﬁguration, namely Villard (Fig. 4 (a) to (c)) and Dickson
(Fig. 4 (d) to (f)) [15]. In our model library, the VMs are
modelled on circuit-level in VHDL-AMS using standard RC
components and diodes. 3, 4, and 5 stage VMs have been
included in the library as shown in Fig. 4. Other types of
booster conﬁguration are also possible.
(a) (b) (c)
(d) (e) (f)
Fig. 4. Voltage multiplier conﬁgurations, (a)-(c): 3 to 5 stage Villard VM,
(d)-(f): 3 to 5 stage Dickson VM
In case of the storage element, a super capacitor has been
modelled as in Fig. 5 [16], where Rleakage represents the leak-
age resistance and RESR is the equivalent series resistance.
Fig. 5. Simpliﬁed super capacitor model
IV. AUTOMATIC STRUCTURE CONFIGURATION
The automatic structure conﬁguration process combines the
outer loop in Algorithm 1, which selects an architectural struc-
ture of the whole energy harvester system, with parametric
performance optimisation as discussed in the next section.
The last section explains a small HDL model library of
energy harvester components which contains two types of
vibration micro-generator, each of which can be conﬁgured
with different coils (wire diameter of 12/16/25 μm), and two
types of voltage boosters that have three to ﬁve stages. The
conﬁguration target has been set to ﬁnd the set of components
that can charge the 0.047F super capacitor to 2V in shortest
time. Simulations of every possible energy harvester structure
have been carried out simultaneously and a VHDL-AMS pro-
cess has been developed and implemented in the testbench to
automatically track the best model. The concurrent simulation
of multiple conﬁgurations was enabled by the generate syntax
in VHDL-AMS:









The SystemVision VHDL-AMS simulator from Mentor
Graphics [17] has been used as the single software platform.
Details of the outcome design are listed in Table II. The whole
design ﬂow based on Algorithm 1 took 26 hours of CPU time
on a Pentium 4 machine.
TABLE II
PARAMETERS OF THE CONFIGURATION RESULT
Micro-generator Type II
Wire diameter 25 um
Voltage booster 3-stage Dickson VM (Fig. 4(d))
Not surprisingly, the micro-generator II has been chosen
because it is bigger and stores more kinetic energy. However,
it is interesting that the coil with the largest wire diameter,
which leads to the fewest number of turns, and the VM
with the fewest stages have been chosen. The integrated
modelling approach in our design ﬂow allows one to perform
“what-if” scenarios. Therefore to further investigate the result,
more simulations have been done and an important trade-
off between the electromagnetic micro-generator and the VM
voltage booster has been found. Fig. 6 shows the charging
waveforms of Type I micro-generator connected to the same 5-
stage VM but conﬁgured with different coils. At the beginning,
the energy harvester with 25 μm wire diameter charges the
fastest and the 12μm conﬁguration charges the slowest while
the 16μm one is in between. But the 25μm conﬁguration also
saturates quickly and reaches the 2V mark slower than the
16 μm energy harvester. From the simulation results it can
be foreseen that the 16μm conﬁguration will also saturate at
some point while the 12μm one reaches the highest voltage.
Similar results have been obtained from the voltage booster.
Fig. 7 shows the charging waveforms of Type II micro-
generator with 25μm coil connecting with 3, 4 and 5 stages
Dickson VMs. It can be seen that the energy harvester with
3-stage VM charges the super capacitor to 2V ﬁrst and the
one with 5-stage VM can reach highest voltage.
From the simulation results we can conclude that in an
energy harvester design that combines electromagnetic micro-
generator and voltage multiplier, the fewer number of turns in
the coil and the fewer VM stages, the higher initial charging
rate the energy harvester can get but the lower voltage it
can ﬁnally reach. Therefore, although the micro-generator
with more coil turns can generate more power and VMs
with more stages can boost the voltage higher, under certain
circumstances the optimisation of these subsystems in isolation
does not lead to a globally optimised design. In the traditionalFig. 6. Simulation of Type I micro-generator with different coils
Fig. 7. Simulation of energy harvester with different VMs
approaches,where differentcomponentsof an energy harvester
in different physical domains are designed in separation, the
gain at one part may come at the price of efﬁciency loss
elsewhere, rending the energy harvester much less efﬁcient
than expected. Our results provide evidence that a holistic
approach, which is based on an integrated design of the com-
plete system with the micro-generator loaded by the associated
electronics, can lead to superior performance characteristics
and hence may be very useful for the development of future,
more complicated systems and model libraries.
V. PERFORMANCE OPTIMISATION
In the proposed design ﬂow (Fig. 2), the generated energy
harvester conﬁguration should be parameterised such that
automated performance optimisation, carried out in the inner
loop of Algorithm 1, will be able to further improve the energy
harvester efﬁciency by employing suitable optimisation algo-
rithms. The parameters used for the optimisation are from both
the micro generator and the voltage booster. The optimisation
object is to increase the voltage across the super capacitor.
The optimisation algorithm generates design parameters to
the model and obtains the charging rate through simulation.
The optimisation loop runs continuously until the design
parameters reach an optimum (Fig. 2). The micro-generator
parameters that can be optimised are related to the coil size,
i.e the thickness (t) and the outer radius (R). Because other
components such as the magnets and cantilever determine the
resonant frequency of the micro-generator and thus should be
based on application requirements. The circuit parameters of
voltage booster are the capacitor values of each VM stage. The
entire energy harvester is optimised as an integrated model.
The searching space of parameters is given in Table III. The
optimisation is based on the concurrent simulations of design
instances from uniform sampling the search space and track
the best result. This is relatively simple and straightforward
because after the automatic structure conﬁguration the search
space is quite small. However other optimisation algorithms
may also be applied. We have demonstrated an integrated
optimisation directly implemented in an HDL testbench which
employs a genetic algorithm where at each genetic generation
multiple instances of the design are simulated concurrently as
individual chromosomes and analysed for selection [10]. To
validate the effectiveness of our proposed approach to improve
energy harvesting efﬁciency, we have carried out the following
simulations and experimental measurements. The vibration-
based micro-generator is based on the cantilever structure and
has been designed separately from the remaining parts of the
energy harvester. The voltage booster circuit uses the optimal
conﬁguration published in literature [18] and has also been
designed independently from the rest of the energy harvester.














VM conﬁguration 5-stage Dickson
Capacitor values(C1-C5,uF) 47,150,150,47,150
After the proposed design ﬂow, Table V gives the new
micro-generator and voltage booster parameters which are re-
ferred to as “optimised” design. The impact of these values on
increasing the voltage across the super capacitor has been in-
vestigated in both simulation and experimental measurements
(see Fig. 8). The impact of using the super capacitor model in
Fig. 5 instead of an ideal capacitor has also been investigated.
As can be seen from the ﬁgure, there is good correlation
between the simulation and experimental waveforms in both
the energy harvester designs, which validates the effectiveness
and accuracy of the proposed design ﬂow. Fig. 8 shows thatthe energy harvester from original design can charge the super
capacitor to 2V in 6000 seconds while the optimised design
only uses 1500 seconds, which represents a 75% improvement.
TABLE V






VM conﬁguration 3-stage Dickson
Capacitor values(C1-C3,uF) 100,100,47
Fig. 8. Simulation and experimental waveforms of original and optimised
energy harvesters
VI. CONCLUSION
This paper presented an automated energy harvester design
ﬂow that can generate optimised conﬁgurationfrom an existing
HDL model library as well as carry out performance optimi-
sation through the employment of a single software platform.
The effectivenessof the proposed design ﬂow has been demon-
strated by automatic structure conﬁguration, optimisation and
experimental validation of an energy harvester powered by
an electromagnetic vibration-based micro-generator. We have
shown that this approach can be used to investigate the trade-
offs between different energy harvester components where the
optimisation of subsystems in isolation does not lead to a
globally optimal design. A new energy harvester has been
manufactured according to the outcome from the proposed
design ﬂow and experimental measurements of the new device
have validated the results which show a 75% improvement in
the super capacitor charge rate. Continuing work will expand
the design ﬂow by investigatingother types of micro-generator,
such as piezoelectric and electros t a t i c ,a sw e l la sn e wp o w e r
processing circuit architectures. Further work will also focus
on developing new optimisation algorithms that can speed up
CPU time.
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